Inflammation mediated by the peripheral infiltration of inflammatory cells plays an important role in intracerebral hemorrhage (ICH) induced secondary injury. Previous studies have indicated that regulatory T lymphocytes (Tregs) might reduce ICH-induced inflammation, but the precise mechanisms that contribute to ICH-induced inflammatory injury remain unclear. Our results show that the number of Tregs in the brain increases after ICH. Inducing Tregs deletion using a CD25 antibody or Foxp3 DTR -mice increased neurological deficient scores (NDS), the level of inflammatory factors, hematoma volumes, and neuronal degeneration. Meanwhile, boosting Tregs using a CD28 super-agonist antibody reduced the inflammatory injury. Furthermore, Tregs depletion shifted microglia/macrophage polarization toward the M1 phenotype while boosting Tregs shifted this transition toward the M2 phenotype. In vitro, a transwell co-culture model of microglia and Tregs indicated that Tregs changed the polarization of microglia, decreased the expression of MHC-II, IL-6, and TNF-a and increased CD206 expression. IL-10 originating from Tregs mediated the microglia polarization by increasing the expression of Glycogen Synthase Kinase 3 beta (GSK3b), which phosphorylates and inactivates Phosphatase and Tensin homologue (PTEN) in microglia, TGF-b did not participate in this conversion. Thus, Tregs ameliorated ICH-induced inflammatory injury by modulating microglia/macrophage polarization toward the M2 phenotype through the IL-10/GSK3b/PTEN axis.
Introduction
Intracerebral hemorrhage (ICH) accounts for 10-15% of all stroke cases worldwide and is associated with high morbidity and mortality. 1 The proportion of deaths caused by ICH increased to 61.7% of all deaths caused by cerebrovascular disease, which makes ICH the leading cause of death in China. 2 Significant progress has been made in increasing the understanding of pathophysiology of ICH, but therapeutic methods to treat ICH remain limited. [3] [4] [5] Recent studies indicated that inflammation plays an important role in ICH-induced second injury and that the inflammatory factors released by activated microglia exacerbate neural-injuries in the central nervous system (CNS). Meanwhile, the infiltration of inflammatory cells from the periphery further increases the inflammatory injury. [6] [7] [8] Inhibiting peripheral inflammatory cell infiltration using fingolimod can reduce inflammatory damage after ICH. 9, 10 However, another study showed that fingolimod therapy is associated with increased neuroinflammation. 11 These results indicated that non-specific inhibition of inflammatory cell infiltration also decreased the number of protective regulatory cells (Tregs) in the CNS. Thus, specifically inhibiting inflammatory cell infiltration or increasing the number of Tregs may be a new target for ICH therapy.
Foxp3 þ -Tregs sustain immune homeostasis and selftolerance by restricting the activation and release of cytokines from a wide range of inflammatory cells. 12, 13 Impairment of the regulatory capacity of Tregs could result in many autoimmune diseases (experimental autoimmune encephalomyelitis, thyroiditis and type 1 diabetes). [14] [15] [16] In ischemic stroke, Tregs can accumulate and proliferate in the ischemic hemisphere for up to 30 d after MCAO, and depleting Tregs using a CD25 antibody increased neuroinflammation. 17, 18 Previous study showed that infusion of Tregs was also protective after ICH or ischemic stroke. 19, 20 This indicated that the similar function of Tregs was shared by ischemic and hemorrhagic stroke, but the potential mechanisms involved in Tregs-mediated CNS protection remain to be elucidated. Furthermore, transfusing of Tregs is technically demanding and time consuming, and it yields a limited number of cells. 20 Thus, in this study, we used Foxp3 DTR mice, CD25 antibodies, and CD28-SA to further explore the functions and potential mechanisms of Tregs in ICH and to provide a new target for ICH therapy.
Methods
Animals C57BL/6 male mice (8) (9) (10) week old, 20-24 g) and C57BL/6 mice that had been born within 24 h were purchased from the Animal Center of the Third Military University (Chongqing, China). Foxp3 DTR mice were purchased from The Jackson Laboratory (Bar Harbor, ME). A total of 596 C57BL/6 male mice and 112 Foxp3 DTR male mice were used in this study. All the animals were provided free access to food and water in a clean environment, and all the experiments in which animals were used were approved by the Animal Ethics Committee of the Third Military Medical University. All experiments were performed and reported according to the Guide for the Care and Use of Laboratory Animals, 8th edition (2011) and the ARRIVE guidelines (http://www.nc3rs.org.uk/arriveguidelines).
ICH models
The detailed methods used to construct the ICH model were established previously. 21, 22 Briefly, the mice were intraperitoneally anesthetized with 4% chloral hydrate and immobilized to a mouse stereotaxic frame. A total of 20 mL of non-anticoagulated autologous blood was obtained from the tail vein of the mouse and injected straight into the caudate nucleus (0.8 mm anterior, 2 mm left lateral and 3.5 mm deep relative to bregma). After 10 min, the pinhole was sealed using the bone wax and the scalp was sutured. The body temperature of the mice was maintained at 37 C throughout the experiment with a feedback-controlled heating pad. Failed models (NDS<4 when the mice totally recovered from anesthesia) and dead mice (died in the operation or before totally recovered from anesthesia) were excluded from this study. According to previous report, 500 ng diphtheria toxin (DTX, Sigma Aldrich, St. Louis, MO) per mouse were administered intraperitoneally on day 2 and day 1 before ICH. To prevent a rebound of Tregs, 250 ng DTX per mouse were additionally injected on day 2 and day 4 after ICH. 23 A total of 300 mg of CD25-specific mAb (clone PC61.5, Ebioscience, San Diego, CA) or isotype control antibodies (mouse IgG1, Biolegend, San Diego, CA) were injected intraperitoneally to deplete Tregs 48 h before the induction of hemorrhage. 18 CD28SA antibodies (clone D665, Gene Tex, Irvine, CA) or isotype control antibodies (mouse IgG1, Biolegend, San Diego, CA) were applied 3 h after ICH to expand Tregs. 24 
FACS analysis
Single cell suspensions of brain cells were prepared as previously described. 6, 25 Briefly, 3-4 hemorrhagic hemispheres were pooled for FACS analysis each time. Each hemisphere was digested in 1640 RPMI supplemented with 1 mg/mL collagenase IV (Sigma-Aldrich, C5138), 100 U/mL DNAse I (Sigma-Aldrich, D4263), 5 mM CaCl 2 , and 10% fetal bovine serum (FBS) for 40 min at 37 C. Then, a doubled volume of 1640 RPMI (containing 10% FBS) was applied to terminate digestion, and the solution was gently pipetted to obtain single cell suspensions. After filtration (BD Falcon, 70 mm) and centrifugation, the supernatant was discarded and the cells were resuspended in 37% Percoll (GE Healthcare). Then, the cell suspension (in 37% Percoll) was placed on 70% Percoll and centrifuged at 400 Â g for 25 min. The interlayer between the two gradients was collected.
Then, the cells were blocked with anti-mouse CD16/32 antibodies (Ebioscience) and stained with CD45-percpcy5.5 (1:400, Ebioscience), CD11b-APC (1:400, Ebioscience), I-A/I-E-FITC (MHC-II, 1:200, Biolegend), CD206-PE (1:200, Biolegend) or CD45-APC (1:400, Ebioscience), CD3-percpcy5.5 (1:400, Ebioscience), CD4-PE/cy7 (1:200, Biolegend) antibodies for 20 min in the dark at 4 C. Microglia/macrophages were considered to be CD45 þ CD11b þ . For Foxp3 staining, the CD45-APC-, CD3-Percpcy5.5-, and CD4-PE/cy7-stained cells were fixed, permeabilized using a foxp3 fixed/permeabilization buffer set (Ebioscience), and stained with Foxp3 (1:100, Ebioscience) at 4 C in dark for 20 min. All the samples were detected using FACSVerse analyzer (BD). All results were analyzed using FlowJo 7.6.1.
Assessment of neurological-deficient score (NDS)
The assessment procedure was described previously. [26] [27] [28] Circling behavior, climbing, front limb symmetry, and body symmetry were evaluated by two trained investigators who were blinded to the conditions, and the mean score was considered the final score for each mouse. NDS was assessed at 1, 3, 5, and 7 d (n ¼ 12) after hemorrhage. We used NDS 7 d after ICH as the primary outcome metric to evaluate the influence of Tregs on the prognosis of ICH.
Brain water content
Experiments were performed as pervious described. 29 Briefly, mouse brains were removed and divided into five different parts: the ipsilateral cortex, the ipsilateral basal ganglia, the contralateral cortex, the contralateral basal ganglia, and the cerebellum. Each part of the brain was evaluated using an electronic balance to determine the wet weight and then dried at 100 C for 24 h. The remaining weight was used as the dry weight. The following formula was used to calculate water content: brain water content (%) ¼ (wet weightÀdry weight)/wet weightÂ100%.
Hematoma measurement
As described in our previous report, 22 after perfusion and fixation, the brains were removed and fixed for cutting on freezing microtome after they were embedded in O.C.T. Compound (Sakura). After the tissue was frozen, the brain was cut into consecutive sections with a thickness of 200 mm. The fixed brain sections were sequentially arranged, and Image-Pro Plus 5.0 image processing software (Media Cybernetics, Bethesda, MD) was used to measure ICH volumes (cubic millimeters).
Additionally, the hemoglobin levels in the brain tissues were measured to further quantify hematoma size. 30 After ICH was initiated, the contralateral hemisphere and ipsilateral cortex was removed and the left brain tissue was dissolved in Drabkin's reagent. The supernatant of the homogenate was collected and measured using a spectrophotometer. The hematoma volume (microliters) was then calculated using the standard curve.
Immunohistochemical staining
The sample were fixed, gradient dehydrated, embedded, frozen, and sectioned into 25 mm-thick sections as pervious described. 31 Neuronal degeneration was detected using a Fluoro-Jade B staining reagent kit (Millipore) according to the instructions of the manufacturer. Sections were observed and photographed under a florescence microscope (Olympus BX-60). Four views were selected from each section and five consecutive brain sections were used. The number of positive cells in each view was calculated, and the mean values were determined from 20 views to represent the FJB-positive cells in one mouse.
Quantitative real-time PCR
The ipsilateral hemisphere was homogenized using RNAiso Plus (Takara) and ceramic beads for 1 min in a speedmill plus according to the instructions of the manufacturer (Alytik Jena). RNA was isolated according to the instructions of the manufacturer and reverse transcripted to obtain cDNA using a PrimeScript TM RT Reagent Kit with gDNA Eraser (Takara). Realtime PCR was performed using cDNA samples with SYBR@Premix ExTaq TM II (Takara, Tli RNaseH Plus) by the One-step Plus analyzer (ABI). We normalized the results for each individual gene using the housekeeping gene beta-actin. The 2 ÀÁÁCT method was used to calculate relative gene expression levels. The primer sequences (produced by Thermo Fisher Scientific) that were used are listed in (Table 1) . 20 
Cell sorting and in vitro cell culture
The methods used to obtain microglia primary cultures were previously described in the literature. 21, 32 After the blood vessels and meninges removed, the cortices of postnatal day 1 mice were digested using 0.25% trypsin-EDTA (Life Technologies, Birmingham, MI) for 5 min and stopped by heat-inactivated FBS. After triturated using a P-1000 plastic tip, the cells suspension was cultured in DMEM containing 10% heatinactivated FBS (Gibco, Life Technologies Corporation), 50 U/ml penicillin and 50 mg/ml streptomycin. The cultures were maintained at 37 C in a humidified atmosphere of 5% CO 2 and 95% air. The medium was replenished at 1 and 4 d after initial seeding and changed every third day thereafter. Upon reaching confluence (day 14), the microglia were shaken off (200 rpm for 4 h on an orbital shaker). The microglia were harvested and added to 24-well plates at a concentration of 1 Â 10 5 cells/ml. On the following day, the microglia was stimulated using 10 mM hemoglobin (Sigma-Aldrich) for 6 h and washed with PBS twice. 31, 33 CD4 þ CD25 þ regulatory T cells isolation kits (Miltenyi) and AutoMACS pro separators (Miltenyi) were used for Tregs sorting according to the instructions of the manufacturer. The purity of the CD45 þ CD3 þ CD4 þ CD25 þ Tregs was > 85% (Supplementary Figure 1 ). Then, a transwell system (Millipore) was used as previously reported. Tregs that were freshly isolated from spleens were placed on top of the hemoglobin activated microglia. 34 The co-culture ratio of Tregs to microglia was 4:1, and the culture medium (with 1% penicillin/streptomycin, 1% glutamine, and 10% heatinactivated FCS in RPMI1640) was supplemented with IL-10 mAb (5 mg/ml) or TGF-beta mAb (5 mg/ml) for the neutralization experiments 35 . After 40 h, the transwells were removed, and the microglia were harvested for analysis.
Lentiviral ShRNA infection
Lentiviral shRNAs directed at mouse GSK3b (sc-35525-V) and, mouse PTEN (sc-36326-V), GFP control lentiviral particles (sc-108084) and a lentivirus containing a control, non-targeting shRNA sequence (sc-108080), each with a titer of $5 Â 10 3 infectious units/ mL, were purchased from Santa Cruz Biotechnology. Primary cultured microglia were transfected with 1.5 mL virus per well in six-well plates for 48 h. The knockdown efficiency of each shRNA for its targeted protein was confirmed using Western blot analysis. To confirm that lentiviral vectors achieved efficient infection in microglia, lentiviral particles containing GFP were added as described above. Lentivirus-mediated gene expression in microglia was verified 48 h later by the detection of GFP expression ( Supplementary  Figure 2 ).
Western blot
As in our previous report, proteins from cultured microglia were resolved using SDS-PAGE and transferred onto polyvinylidene fluoride membranes using electroblotting. The membranes were incubated with GSK3b (27C10), Phospho-GSK3b (Ser9), PTEN (D5G7), or Phospho-PTEN (Ser380/Thr382/383) antibodies, all diluted to 1:1000 (Cell Signaling Technology), at 4˚C overnight. GAPDH (1:200; Santa Cruz Biotechnology, Dallas, TX) was used as the loading control. The membranes were incubated with HRP-conjugated goat anti-rabbit secondary Abs (1:2500; Sigma-Aldrich, St. Louis, MO) at 25 C for 1 h. Bound Abs were visualized using a chemiluminescence detection system. Protein levels were calculated as the ratio of the target protein value to the GAPDH value.
Statistical analyses
All the data are presented as the meansAESD or as a percentage. The analyses were performed using SPSS 16.0 software. Repeated two-way ANOVA was used to evaluate differences in the NDS between the groups and time points. Kaplan-Meier survival analysis was used to compare the survival between control and intervention group. One-way ANOVA was used to compare the difference in MHC-II and CD206 expression and numbers of microglia/macrophage in brain tissue among the sham, WT, Foxp3 DTR , and WTþCD28-SA groups and it was also used to test the differences in the expression of IL-6, TNFa, MHC-II, CD206, and GSK3b among the Vehicle, anti-IL-10, and anti-TGFb groups. Independent samples T tests were used to analyze the differences in the brain water content, hematoma volume, numbers of FJB-positive cells and expression of IL-1b, IL6, IL-10, TNF-a, and TGFb between the control and the intervention group. Differences were considered significant when p < 0.05.
Results

Treg accumulate in hemorrhagic hemispheres after ICH
To determine the function of Tregs, we first used flow cytometry to analyze the temporal dynamics of Tregs accumulation after ICH. CD45 hi cells were gated to obtain peripheral infiltrated leukocytes. The CD3 þ CD4 þ population was then further gated from leukocytes as CD4 þ T lymphocytes. The Foxp3 þ population of CD4 þ T cells was considered as Tregs ( Figure 1a ). At 4 d after the operations were performed, compared with sham-operated mice, a significant increase in CD4 þ T cells were observed in the hemorrhagic hemisphere (increased at 1 d, peaked at 4 d and then gradually declined, up to 14 d after ICH when the number remained higher than the number in the sham group). Tregs showed the same pattern of variation as the CD4 þ T population, but the Tregs peak was sustained up to 7 d after ICH before declining (Figure 1b ). Because CD45 is equally expressed in spleen inflammatory cells, the CD4 þ Foxp3 þ population was directly gated from the single cell suspensions to obtain Tregs from the spleen (Figure 1c ). The proportion of Foxp3 þ Tregs in the CD4 þ population in the spleen was generally lower than the proportion in the brain, but the proportions in both the brain and the spleen were increased after ICH, respectively, compared with the proportions observed in the sham mice at 4 days after operation (Figure 1d ).
Tregs depletion in Foxp3 DTR mice increased inflammatory injury after ICH
To further investigate the functions of Tregs after ICH, Foxp3 DTR mice were used. At 2 d after an intraperitoneal injection of DTX, the number of Tregs significantly decreased by 90% in the spleen (Supplementary Figure  3) , indicating that Tregs are efficiently depleted in Foxp3 DTR mice. The ICH mouse model was implemented at 2 d after the DTX injections. Survival was not significantly different between the two groups ( Supplementary Figure 4) . Compared to the DTXtreated WT mice, the Foxp3 DTR mice showed a significant increase in NDS that peaked at 3 d (Figure 2a ). The above results showed that Tregs peaked at 4 d after ICH in the hemorrhagic hemisphere. Thus, we chose this time point to further analyze inflammatory injury. Compared with the WT-ICH mice, Tregs depletion resulted in an increase in water content, hematoma volume and hemoglobin levels in the brain (Figure 2be ). Furthermore, Fluoro-Jade B staining was used to assess neuronal degeneration in perihematoma tissue after ICH. Compared with the WT mice, the FJB-positive cells were significantly increased in Foxp3 DTR mice (Figure 2f and g) . The expression of inflammatory factors in peri-hematomal tissues was evaluated using RT-PCR, and the results indicated that an increase in the expression of IL-1b, IL-6, and TNF-a with the changes in IL-1b and TNF-a being the most significant ( Figure  2h ), while the expression of IL-10 and TGF-b remained unchanged (Figure 2i ).
Inducing Tregs depletion using a CD25 antibody in WT mice increased the inflammatory injury after ICH
We next used a CD25 antibody to deplete Tregs in WT mice to verify the results observed in Foxp3 DTR mice. Tregs were reduced by 90% in the spleen at 2 d after intraperitoneal injection of CD25 antibodies ( Supplementary Figure 3) . Survival also was not significantly different between the 2 groups ( Supplementary  Figure 4 ), but compared with the IgG-ICH control group, injection of CD25 antibodies resulted in an increase in NDS after ICH (Figure 3a) . At 4 d after ICH, Treg depletion resulted in an increase in water content (Figure 3b ), hematoma volume (Figure 3c and d), hemoglobin levels (Figure 3e ), the number of FJB-positive cells (Figure 3f and g) , and the expression of IL-1b, IL-6, and TNF-a (IL-6 was the most significant, Figure 3h ), while the expression of TGF-b and IL-10 remained unchanged (Figure 3i ).
Therapeutically boosting Tregs reduced the ICH-induced inflammatory injury
Recent studies have indicated that a CD28 super-agonist antibody can boost Tregs in vivo. To clarify its therapeutic role in ICH, CD28-SA was injected intraperitoneally 3 h after ICH. CD28-SA injection cannot result in an increase in the survival (Supplementary Figure 4 ), but compared with the IgG-ICH group, CD28-SA reduced NDS after ICH (Figure 4a ). At 4 d after ICH, a significant increase in Tregs was observed in the spleen (Supplementary Figure 5) . In the brain, compared with the IgG-ICH group, CD28-SA resulted in a decrease in water content (Figure 4b ), hematoma volume (Figure 4c and d) , hemoglobin levels ( Figure  4e ), FJB-positive cells (Figure 4f and g) , and the expression of IL-1b, IL-6 and TNF-a, while the TGF-b and IL-10 increased significantly (IL-10 was most clearly increased) (Figure 4h and i).
Tregs shift the polarization of microglia/macrophages toward the M2 phenotype after ICH
The results of this study indicate that Tregs depletion results in an increase in M1-associated markers (TNFa, IL-1b, and IL-6) and larger hematoma volumes, and that boosting Tregs results in increases in M2-associated markers (TGF-b and IL-10) and smaller hematoma volumes. Furthermore, we used flow cytometry to analyze the Tregs-induced conversion of polarization in microglia/macrophages. The CD45 þ CD11b þ cells were gated from single cell suspensions to obtain brain microglia/macrophages. The MFI of both MHC-II and CD206 were calculated as markers for M1 and M2 cells, respectively (Figure 5a ). Compared with the sham-operated WT mice, the numbers of microglia/ macrophages remain stable at 4 d after ICH, but the expression of both MHC-II and CD206 increased in this population. This indicated the microglia/macrophages were activated by ICH. Compared with the WT-ICH mice, after Treg depletion, the numbers of microglia/macrophages were significantly increased, and this change was accompanied by a further increase in MHC-II expression and a decrease in CD206 expression. These results show that Tregs depletion resulted in the further activation of microglia/macrophages and a shift in the polarization of microglia/macrophages towards the M1 phenotype. On the contrary, compared with the WT-ICH group, the number of microglia/ macrophages and the MFI of MHC-II in the cells remained stable after CD28-SA was injected, but CD206 was significantly increased. These results indicate that a conversion of microglia/macrophages polarization towards the M2 phenotype was induced by boosting Tregs (Figure 5b) .
To validate the results of in vivo tests, an in vitro Tregs/microglia transwell co-culture model was used to simulate ICH. Compared with the vehicle group, the MFI of CD206 and MHC-II was significantly increased in microglia, and these changes were accompanied by an increase in the mRNA expression of TNF-a and IL-6. Compared with the hemoglobin-stimulated group, Tregs decreased the MFI of MHC-II and the mRNA levels of TNF-a and IL-6 and, increased the MFI of CD206 in microglia (Figure 5c-e ). The in vitro experiments also showed that Tregs shifted the polarization of hemoglobinactivated microglia towards the M2 phenotype. The IL-10/GSK3/PTEN axis mediates the Tregs-induced polarization of microglia As previously reported, IL-10 and TGF-b are two important effector cytokines of that are expressed in Tregs, 12 IL-10 originates from Tregs can shift LPS-activated microglia/macrophages toward the M2 phenotype. 34 Another study showed that both IL-10 and TGF-b originates from Tregs can modulate the activation of microglia. 36 Thus, IL-10 antibodies and TGF-b antibodies were applied to block Tregs functions. Compared with cells treated with the vehicle, only the IL-10 antibody reversed the Tregs-induced polarization toward the M2 phenotype in microglia. This result was indicated by the increased the MFI of MHC-II, decreased the MFI of CD206, and increased the mRNA expression of TNF-a and IL-6. However, the TGF-b antibody had little effect on the Tregs-induced microglia polarization (Figure 5c-e ).
Previous studies have shown that the GSK3b/PTEN axis is involved in the process of Tregs-induced M2 phenotype polarization in microglia. 37 After stimulation with hemoglobin, GSK3b, phosphorylated PTEN (P-PTEN) and phosphorylated GSK3b (P-GSK3b) were down-regulated compared with vehicle, but PTEN remained unchanged. Tregs prevented these decreases in the levels of GSK3b, P-GSK3b and P-PTEN. An IL-10 antibody, but not TGF-b, abolished the influence of Tregs on microglia (decreased GSK3b, P-GSK3b and P-PTEN), when compared with the effects of vehicle (Figure 6a and b) . IL-10 in Tregs robustly preserved the decrease in GSK3b, P-GSK3b and P-PTEN observed in hemoglobin-stimulated microglia and shifted the polarization of microglia towards the protective M2 phenotype, we sought to further investigate the relationship between PTEN and GKS3b. We infected primary microglia cultures with lentiviral vectors (Ln) containing shRNA targeting PTEN, or GSK3b, or bearing a scrambled control shRNA. Then, the infected microglia were stimulated using hemoglobin and co-cultured with Treg. Western blot shows that the P-GSK3b and P-PTEN were knockdown by corresponding ShRNA, GSK3b knockdown resulted in a decrease in P-PTEN, but knockdown of PTEN had little effect on P-GSK3b levels (Figure 6c and d) . This indicates that GSK3b is in the upstream of PTEN. Thus, Tregs modulate microglia/ macrophage polarization towards the M2 phenotype through the IL-10/GSK3b/PTEN axis.
Discussion
Inflammation induced by ICH further exacerbates neural injury. 4, 38 Activated microglia and the toxic chemicals they produce further damage the blood brain barrier, resulting in the infiltration by peripheral inflammatory cells. 8 However, the interactions between infiltrated inflammatory cells and microglia following ICH remain unclear.
In agreement with previous reports showing that Tregs have protective functions after ICH, we show that depleting Tregs using CD25 antibodies or in Foxp3 DTR mice exacerbated brain inflammatory injury, while therapeutically boosting Tregs using CD28-SA ameliorated these injuries. After ischemic stroke, Tregs can have dual effects. Depending on the mouse model being used, the methods used to deplete Tregs, and assess targets, some studies have indicated that Tregs perform protective functions after ischemic stroke by attenuating inflammation in the ischemic hemisphere, while other studies have indicated that Tregs can exacerbate the ischemia-induced brain injury. 18, 39, 40 This divergence was not observed in our experiments because our ICH models induced modest disease severity. Furthermore, because the adoptive transfer of Tregs to cure ICH is time consuming and facilities required, boosting Tregs in vivo using the injections of CD28-SA injection may be more effective.
Microglia are CNS macrophages that play an important role in ICH induced neuro-inflammation. Recent studies have indicated that microglia can be divided into a destructive M1 phenotype and a protective M2 phenotype according the surface markers and intracellular cytokines they express. 41 Tregs can shift the polarization of LPS-activated macrophages towards the M2 phenotype. 34 Our results also indicate that Tregs depletion or boosting interrupts the balance between the M1 and M2 phenotypes after ICH. Although microglia were not specially selected for analysis of their intracellular cytokines, the in vitro experiments in this report show that Tregs can induce the hemoglobin-activated microglia polarization towards the M2 phenotype, and the pro-inflammatory factors observed in the hemorrhagic hemisphere also indirectly show that activated microglia were converted to the M2 phenotype by Tregs. Although significant activation of microglia/macrophages was observed, the number of microglia/macrophages remained unchanged at 4 d after ICH. Interestingly, the number of microglia in the ischemic hemisphere at 3 d after ischemic stroke varied between different experiments. [42] [43] [44] The lack of a specific marker may have resulted in this discrepancy because the intensity of CD45 and CD11b expression only barely distinguishes the activated microglia from other macrophages. 44 Furthermore, the use of relative versus absolute methods may also be responsible for this difference, and a decline in the proportion of microglia to inflammatory cells does not necessarily indicate a reduction in the total number. Thus, we did not separately analyze the changes in the phenotypes of microglia/macrophages. IL-10 originating from Tregs can convert hemoglobin-activated microglia/macrophages towards the M2 phenotype, while TGF-b had no effect on these cells. In agreement with our results, Tregs modulated the function of macrophages through IL-4, IL-10, and IL-13, but not TGF-b. 34, 35 Furthermore, previous reports have indicated that PI3K/Akt signaling is responsible for macrophage polarization, and GSK3b/ PTEN lies up-stream of PI3K/Akt. 37, 45 Our results also indicate that Tregs can reverse the hemoglobininduced reduction in GSK3b in microglia and subsequently reverse the decrease in P-PTEN. The IL-10/ GSK3b/PTEN axis may, therefore, be an important axis in Treg-induced microglia polarization.
Our study found that Treg accumulate in the hemorrhagic hemisphere and that they protect against ICHinduce inflammatory injury. Further studies are needed to explore the changes in the suppressive functions of brain-infiltrated Tregs after ICH. Other pathways, including JNK, Notch, and JAK/STAT, also have roles in microglia/ macrophage polarization. Further studies are needed to explore the central signaling pathways that dominate microglia/macrophage polarization.
This study indicates that Tregs protect against ICHinduced inflammatory injury by modulating microglia/ macrophage polarization through the IL-10/GSK3b/ PTEN axis. Boosting Treg may be a new target for ICH therapy. 
